The high-energy milling of the V 2 O 5 -Na 2 SO 3 mixture in the range of 5 -100 min leads to a synthesis of monoclinic VO 2 . The starting and minimum (at 220 °C) values of electric resistance R of the 100 min milled and pressed VO 2 -Na 2 SO 4 mixture were 13.9 MΩ and 91.5 kΩ, respectively. The subsequent washing of the as-milled powder partially leads to the development of VO 2 nanostructures with tube-like, sheet-like and rod-like morphology, besides VO 2 (B) belt-like morphology, depending on the milling times.
INTRODUCTION PR ex D
OMINENT OXIDE VO 2 is represented due to its tremely interesting physical and chemical properties. epending on its primary particle size, VO 2 undergoes a reversible first order phase transition at ~68 °C [1] . Above the phase transition, VO 2 has a tetragonal rutile structure, while the low temperature phase is monoclinic. The monoclinic to rutile phase transition is followed by up to ~10 5 decrease in electrical resistivity as well as a large change in transparency in the infrared region [1] [2] [3] [4] [5] . This makes VO 2 a promising material for applications such as thermal sensors, smart IR optical windows, emissive coatings [1] [2] [3] [4] [5] or thermochromic pigments [6] . In addition, the wide range of oxidation states of vanadium from +2 to +5 may accommodate multi-electron transfer processes with applications in rechargeable lithium batteries [7] . New lithium batteries using VO 2 (B) as an example of attractive electrode material with a layered structure, exhibit a reversible specific capacity exceeding 300 mAh/g [8] . Nowadays, a new cubic crystal structure for VO 2 nanorods with a large optical band gap of 2.7 eV has been reported by Wang et al., which surprisingly shows excellent photocatalytic activity in hydrogen production and shows good field emission properties [2, 5] . The recently observed rate of publications based on the new morphology of VO 2 , including one-dimensional (1D) nanostructures such as nanorods [9] , nanoribbons [10] , nanobelts [8, 11] , nanowires [12] or two dimensional (2D) lamellar or sheet-like nanostructures [7, [13] [14] [15] , is demonstrating that the unusual morphology based on the VO 2 system is a rule rather than an exception. Unfortunately, the attractive synthesis of nanostructured VO 2 with unusual properties requires a relatively complicated process control and in many cases, time consuming hydrothermal conditions are required [7-10, 12, 14, 15] . In this regard, it is still a challenge to develop low-cost routes for the synthesis of VO 2 nanomaterials on a large scale.
In recent times, high-energy ball milling has been widely applied for the synthesis of nanocrystalline powders, with a significant potential for a large-scale production. High energy milling of precursor powders leads to the formation of a nanoscale composite structure, which reacts during milling to form a mixture of separated nanocrystals of the desired phase within a soluble salt matrix, which is removed by water washing [16] [17] [18] [19] . Herein, we report a facile mechanochemical synthesis of nanostructured VO 2 .
MATERIAL & METHODS
Mechanochemical synthesis was performed in the highenergy planetary mill, TB-2 (Kadaň Ltd., Slovakia) at 890 rpm, with the power input of 3.0 kW. 10 g of a starting mixture corresponding to a V 2 O 5 /Na 2 SO 3 molar ratio of 1:2 was loaded to corundum jars of the 0.2 dm 3 inner volume. Yttrium stabilized ZrO 2 (YTZ, Tosoh, Japan) ceramic balls with 10 mm diameter were used as the milling media. The weight ratio between the balls and the powder mixture was 20:1. The milling was interrupted at different times to remove the powder for an analysis using X-ray diffraction (Philips PW 1050 diffractometer, Cu-Kα radiation). The salt matrix by-product was then removed by washing with water. The washed powders were dried at 120 °C for 2 h in air. The average crystallite size was calculated from diffraction peak broadening using the Sherrer equation in the form reported in [3] . The morphology of the powder obtained after the washing procedure was examined in a JEOL FX 2000 transmission electron microscope (TEM). For the A measurement of temperature dependences of the electric resistance R, the 100 min milled powders were pressed into pellets by using a 200 MPa press. A silver paste, RITE-LOCK SL69 (0.5 mΩ/cm), was used for contacting the sample. The temperature was measured by a platinum sensor, PT-103 from Lakeshore. The temperature measurement uncertainty was smaller than 50 mK. An electric oven was used for the sample temperature regulation in the range of 25-220 °C. An electronic switch was used to measure the current and voltage of the sensor and sample by the FLUKE 8846A multimeter. Resistance values were determined as a ratio of the electric voltage on the sample and electric current flowing through the sample driven by DC voltage of 9 V (with the internal resistance of 10 kΩ). Repeated measurements over time showed that the sample's room temperature resistance had a strong tendency to decrease -more than a one order decrease during about one and a half month. Interestingly, the peaks corresponding to the excessive Na 2 SO 3 phase are absent from the pattern. This might be due to the fact that the Na 2 SO 3 phase exists in an amorphous state and/or Na 2 SO 3 undergoes the oxidation with air to Na 2 SO 4 during milling. In this case, the following reaction can be proposed for the process:
The colour of the product changed from yellow ochre (V 2 O 5 ) to dark green after 5 min, which indicated that V 5+ were partially reduced to V 4+ cations. After the next prolongation of the milling time (20 min), the colour turned into black, which indicated that V 5+ cations had been reduced to V 4+ cations [10] . With increasing the milling time from 20 to 100 min, the crystallization process of VO 2 and Na 2 SO 4 is more apparent. The crystallite size of VO 2 and Na 2 SO 4 , as calculated from diffraction peak broadening, increased from ~9 nm to 13 nm in the case of VO 2 , and from 17 nm to ~ 20 nm in the case of Na 2 SO 4 after 20 min and 100 min milling.
The crystallization phenomena involved local atomic displacements associated with the large local strain, temperature and pressure rise, which allows decomposition of the metastable amorphous phase, resulting in subsequent nucleation and grain growth [20] [21] [22] . Comparable mechanochemically induced crystallisations of amorphous Mn 2 O 3 and SnO 2 were reported previously in our earlier studies [18, 19] .
The results of the electrical measurements performed on the 100 min milled sample are reported in Fig.2 . The starting (at 25 °C) and minimum (at 220 °C) values of R are 13.9 MΩ and 91.5 kΩ, respectively. It means that the ratio of the resistance values is about 150. We can see that the resistance of compacted samples undergoes a strong temperature dependence, typical for semiconductor to metal phase transformation of monoclinic VO 2 [1, 3] . However, the obtained resistance values at 150 °C are still atypically high. As the salt matrix of Na 2 SO 4 was present in the compacted samples in the high volume fraction (~ 55 vol. %), we suppose that the relatively high resistivity could have been caused by the presence of the Na 2 SO 4 matrix. Moreover, the significant differences in R and hysteresis loops observed during the repeated temperature cycling (not shown herein) and a broad temperature transition indicate other possible effects connected with a non-uniform crystallite size distribution, absorbed water or high stress state of nanoparticles in milled and compacted powders [1, 28] . 3 (a) shows the TEM microstructural studies of VO 2 powder formed upon milling for 100 min, followed by the washing procedure. The powder is composed from large aggregates of primary and non-uniform VO 2 nanoparticles. Fig.3 (b) shows the same sample obtained at higher magnification, and non-spherical particles of VO 2 with TEM sizes in the range of 10-20 nm are visible. It can be concluded that the TEM image of the sample obtained after 100 min milling shows aggregates of VO 2 typical for the high-energy ball milling procedure. However, the careful TEM analysis shows sample areas with unexpected new morphological changes in the samples.
TEM images of nanostructures formed upon milling for 5, 20, 60 and 100 min, followed by the washing procedure, are shown in Fig.4 . Beside grained VO 2 aggregates revealed in as-milled samples for 100 min, Fig.3 (a,b) and 4 (d) , TEM results show the partial formation of nanorods with the width of 8-25 nm and lengths up to 500 nm, Fig.4 (a), (f) . As it can be seen from Fig.4 (c-f) , with prolonged milling time (60 and 100 min) followed by washing, the new lamellar, sheet-like and tube-like nanostructures were observed in the samples, which demonstrates that the milling time influences the chemical interaction of mechanochemically formed VO 2 with water during the subsequent washing treatment.
This observation is also partially supported by XRD, Fig.1(g), (h) , where the samples milled for 60 and 100 min and subsequently washed show new reflections, most probably VO 2 ·xH 2 O. Due to the washing procedure the diffractions, which belong to the Na 2 SO 4 salt matrix, are absent from the pattern. The structure determination based on this XRD pattern is impossible, because there are too few and broad diffractions. Therefore, the exact structure determination was performed by the selected area electron diffraction (SAED) method. SAED pattern in inset in Fig.4 (e) recorded from arrowed belt-like structure can be indexed as a metastable monoclinic VO 2 (B) with the following parameters: a = 1.2093 nm, b = 0.3702 nm, c = 0.6433 nm and β = 106.97° according to JCPDS 81-2392. Growth direction is [010] . Hence, the formation of very fine lamellar 1D and 2D nanostructures directly during high-energy ball milling can be excluded. We suppose that the washing procedure and high reactivity of new-formed VO 2 nanopowders with water play a key role in the new morphology evolution. Beside VO 2 (B) [8] [14] and VO 2 ·0.5H 2 O [24] are composed of a layered crystal structure. According to these facts, the hydrating-exfoliating-splitting mechanism may play a key role in the formation of 1D and 2D structures [12, 25] . Previously, this mechanism has been used to explain the growth of different 1D and 2D nanostructures based on the layered precursors of VO 2 [12, 14] , TiO 2 [25] and MnO 2 [23] prepared under hydrothermal conditions. Nevertheless, it has been demonstrated that the 1D and 2D nanostructures can be formed under non-hydrothermal conditions effectively. For example, Manivannan et al. [26] observed the self-assembly of spherical particles of MnV 2 O 6 ·4H 2 O with a layered structure prepared mechanochemically into nanorods or nanobelts during the simple washing and Liu et al. [27] observed the formation of β-MnO 2 nanorods by the simple refluxing process of layered δ-MnO 2 , which grow from the amorphous MnO 2 . In the same way, we believe that the as-milled and very reactive VO 2 powders are transformed to the layered and metastable phases of VO 2 (B) or VO 2 ·xH 2 O, in which H 2 O molecules occupy the interlayer spaces. Therefore, interactions between the layers are weakened. However, this structure is unstable during washing and the layers are gradually exfoliated to form asymmetric nanosheets, Fig.4 (f) . An intrinsic tension exists that might gradually, in some cases, roll up edges of the nanosheets [12, 14, 23, 25, 26] and the tube-like morphology can be obtained, arrowed in Fig.4 (f) . In order to release the next strong stress and lower the total energy, the nanosheets are split, resulting in the partial formation of rod-like morphology, Fig.4(f) . Thus, the washing treatment plays a crucial role in the evolution of nanostructured VO 2 powders.
CONCLUSION
In summary, the mechanochemical treatment of V 2 O 5 + 2 Na 2 SO 3 mixture for 5-100 min leads to the formation of nanocrystalline VO 2 with XRD particle size in the range of 9-13 nm. A prolonged mechanochemical treatment enhances the crystallization process of VO 2 . The resistance of the compacted 100 min milled sample shows a strong temperature dependence, typically accompanying semiconductor to metal phase transformation of monoclinic VO 2 . The elimination of Na 2 SO 4 salt matrix with the simple washing procedure partially leads to the reaction of VO 2 with water and new VO 2 phases with a unique 1D and 2D morphology were obtained. This mechanochemical method can be easily adjusted to prepare VO 2 nanopowders on a large scale. 
